Introduction
============

Anterior communicating artery (AComA) aneurysm is the most common type of anterior circulation aneurysm ([@b1-etm-0-0-8909]). It is symptomatic when rupture occurs, resulting in subarachnoid hemorrhage (SAH), which mostly accumulates in the suprasellar cistern, cerebral longitudinal fissure or cisterna lamia terminal is; at times, it may be associated with hematoma, particularly under the frontal lobe or in lateral ventricles ([@b4-etm-0-0-8909]).

In the field of neurosurgery, the minimally invasive keyhole approach has been gradually developed in the past 30 years. In the surgical treatment of anterior circulation aneurysms, with the deepening of the understanding of local microanatomy, continuous improvement of microsurgical techniques and the improvement of microsurgical instruments, the popularity of the keyhole approach for clipping aneurysms is increasing. Certain better alternatives to the pterional approach, including the supraorbital eyebrow approach ([@b5-etm-0-0-8909]), mini-pterional approach ([@b6-etm-0-0-8909]), mini-supraorbital approach ([@b7-etm-0-0-8909]) and lateral supraorbital approach ([@b8-etm-0-0-8909]) are also gradually used in anterior circulation aneurysm surgery. Skeptics of the supraorbital keyhole approach (SOEK) argue that it is difficult to approach ruptured aneurysms due to brain swelling ([@b9-etm-0-0-8909]). Furthermore, if an unexpected rupture occurs during the operation prior to proximal control of the feeding artery, it may not be possible for the surgeon to properly manage the bleeding. For this reason, SOEK surgery is mainly performed in patients with unruptured intracranial aneurysms and studies reporting on aneurysm rupture during SOEK are rare. Therefore, the feasibility of applying this type of keyhole surgery for ruptured intracranial aneurysm has not been determined.

The present study reported on the routine use of SOEK in the treatment of ruptured AComA aneurysms.

Materials and methods
=====================

### Study design, setting and participants

The present retrospective study was approved by the Institutional Review Board and ethics committee of the Third Affiliated Hospital of Sun Yat-Sen University (Guangzhou, China). Written informed consent was obtained from all patients or their custodians. Between September 2010 and October 2018, 543 patients with intracranial aneurysms were admitted to the Department of Neurosurgery of the Third Affiliated Hospital of Sun Yat-Sen University (Guangzhou, China). According to the patients\' condition and choice, microsurgical clipping or interventional embolization were selected for treatment. Furthermore, if patients exhibited reduced consciousness then permission was obtained from their guardians. Among them, 85 patients with ruptured AComA aneurysm underwent microsurgical clipping via the SOEK approach. All 85 patients were diagnosed as having ruptured AComA aneurysm with SAH within 48 h after onset by CT angiography (CTA; 320-slice spiral CT, Aquilion ONE; Toshiba Medical Systems).

### Variables and data sources

The clinical data collected included age, sex, Hunt and Hess scores ([@b12-etm-0-0-8909]), World Federation of Neurological surgeons (WNSF) scores ([@b13-etm-0-0-8909]), Fisher scores ([@b14-etm-0-0-8909]), aneurysm size, aneurysm location, aneurysm direction, operation time and complications. Intra-operative indocyanine green angiography (ICGA) was used to evaluate the success rate of clipping. The operation time was calculated from induction of anesthesia to completion of skin closure. Ischemic complications were confirmed by including new neurological deficits or changes in consciousness. Sudden neurological impairment during the peri-operative period, indicative of new infarction, was confirmed by CT scan/MRI.

### Surgical techniques Selection of surgical approach

Initially, the SOEK approach was selected regardless of the size, characteristics and complexity of the AComA aneurysm. After several years\' experience of using the SOEK approach at our department, most ruptured AComA aneurysms were clipped via the SOEK approach except for cases associated with severe brain swelling and with a large amount of intracerebral hemorrhage (ICH). In those cases associated with severe brain swelling and with an ICH of \>100 cc, where decompression and evacuation of hemorrhage were required, the pterional approach was selected.

### Operative timing and methods

All subjects underwent surgery within 48 h of the first SAH to reduce the risk of rebleeding. Of the 85 subjects, 21 underwent extraventricular drainage (EVD) prior to surgery. In general, the right surgical approach was used. In order to secure the parent artery in advance, the A1 dominant blood supply side was selected in the surgical approach when AComA complex variation was present.

### Posture and anesthesia

All operations were performed under general anesthesia with tracheal intubation. The patient was placed in the supine position; the head was elevated to 15 degrees, then rotated \~30 degrees to the contralateral side, and finally tilted back to \~20 degrees. This caused the frontal lobe to retract downward due to gravity, thereby reducing brain retraction ([Fig. 1](#f1-etm-0-0-8909){ref-type="fig"}).

### Skin incision

Skin and subcutaneous fascia were incised along the lateral supraorbital foramen (to avoid injury to supraorbital nerve and blood vessel) along the superior orbital margin of the eyebrow, 4-5 cm in length. The upper forehead skin flap was pulled using a rubber band and the temporal muscle was pulled outward to expose the zygomatic process of the frontal bone. Similarly, the inferior, frontal and orbicularis oculi muscles were pushed down to the orbital margin and fixed with silk thread. The pericranium remained intact above the orbital margin. The fascial opening was opened downward to avoid the injury of the frontal branch of the facial nerve. The frontal is and orbital muscles were cut in a parallel fashion. The frontal is and orbicularis muscles were peeled from the bony insertion and gently pushed.

### Craniotomy

A Burr hole was made behind the zygomatic process of the frontal bone, and the frontal bone was opened along the supraorbital margin from the outside to the inside. Next, a 3x2.5 cm semilunar bone flap was fabricated ([Fig. 2](#f2-etm-0-0-8909){ref-type="fig"}). The superior orbital margin and anterior skull base processes were drilled. If the frontal sinus was ruptured, the mucosa was removed, thoroughly cleaned with iodine solution and sealed with bone wax. Subsequently, the dura was opened in semilunar shape with its base facing towards the skull base. From this stage of the operation onwards, the microscope (Leica M530 OH6; Leica Microsystems GmbH) was used.

### Intradural dissection

Upon opening of the lateral fissure, carotid cistern, optic chiasmatic cistern, basal cistern and endplate cistern, the cerebrospinal fluid (CSF) was fully released. At times, the subarachnoid space was filled with blood clots rather than CSF. In this case, it was difficult to release sufficient CSF to relax the brain tissue. At this time, CSF was drained in advance by inserting an EVD tube in the anterior horn of the contralateral ventricle. After opening the dura mater, slow release further provided CSF drainage to fully relax the brain tissue if required. It was possible to fully observe the end plate behind the carotid cistern and optic chiasma by placing an automatic retractor at the bottom of the frontal lobe and gradually exposing the frontal lobe to the optic nerve. At times, gyrus rectus resection may also help to fully expose the AComA complex. Dissection began from the internal carotid artery-A1 on the operative side; the distal end of the aneurysm-bearing artery A1 was dissected and the contralateral A1 was dissected. Subsequently, the adjacent A1, A2, AComA and the recurrent artery were gradually approached and separated from the aneurysmal neck. If necessary, temporary clipping of the ipsilateral and/or contralateral A1was performed. The decision on whether or not to dissect the aneurysm may be made under consideration of the projection, size and adhesion of the aneurysm. Aneurysm clips of appropriate shape and size were selected and accurate clipping of the aneurysm was implemented. While clipping the aneurysm pointing downwards and forward through the SOEK approach, the exposure of the aneurysmal neck is obscured from the operative field, making the top of aneurysm dome more likely to rupture. In the case of adhesion between the dome of the aneurysm and the skull base caused by bleeding, inappropriate pulling of the frontal lobe may easily lead to rupture of the aneurysm during the operation. To avoid intra-operative rupture, the following points may be considered: i) Surgical approach from the side of the dominant blood supply, which is more conducive to controlling the aneurysm-bearing artery; ii) when exposure of the aneurysm neck is difficult, CSF should be released to obtain adequate space for clipping the AComA aneurysm. In the case of intra-operative rupture, the A1 segment may be temporarily occluded and the aneurysm neck may be rapidly separated followed by clipping of the aneurysm with an appropriate clip.

### Closure

Prior to the closure of the dura, papaverine saline was used to fill the subdural space. Following careful hemostasis, the dura was sutured with silk thread in a waterproof manner. The frontal sinus, if open, was exteriorized, cleaned with iodine solution and sealed with bone wax. Bone flaps were fixed with a titanium plate and screws. The muscle was sutured in layers without a drainage catheter and the subcutaneous suture was made using prolene 4-0. All patients underwent surgery via the SOEK approach. None of these surgeries was assisted by endoscopy. All of the 85 patients underwent CTA examination the day after the operation.

### Post-operative management

Conventional prophylactic intravenous drip of nimodipine was administered to prevent cerebral vasospasm. If necessary, adjuvants including dexamethasone and osmotic diuretics were used to control brain swelling. Routine lumbar puncture was performed to replace blood-infused cerebrospinal fluid. EVD was performed in patients with hydrocephalus. All patients were monitored at the post-operative intensive care unit.

### Follow-up

All patients were followed up by neurosurgeons. Outpatient follow-up was the major method. Patients who were not able to visit the outpatient clinic were contacted by telephone to assess their neurological function. Clinical outcomes at 3, 6 and 12 months post-operatively were assessed using a modified Rankin scale (mRS). A favorable outcome was defined as a mRS score of ≤2. Furthermore, the risk factors of adverse prognosis (mRS \>3) after 1 year were analyzed and the conventional CTA/digital subtraction angiography (DSA) imaging evaluation was performed at 3 months after the operation.

### Statistical analysis

Continuous variables are expressed as the mean ± standard deviation and categorical variables are expressed as n (%). Differences were analyzed using Student\'s t-test for continuous variables and Fisher\'s exact test or χ^2^ test for categorical parameters. In the univariate logistic regression analysis \[analyzed using SPSS 21.0 software (IBM Corp.)\], statistical variables were determined to identify risk factors for poor clinical grade, including the odds ratio (ORs) and 95% CI. P\<0.05 was considered to indicate a statistically significant difference. SPSS software (version 21.0; IBM Corp.) was used for statistical analysis.

Results
=======

### General information

In the present study, 85 patients with ruptured AComA aneurysms were treated using the SOEK approach. The cohort comprised were 50 males and 35 females. The age of the patients ranged from 28 to 78 years (mean age, 52.69±9.94 years; [Table I](#tI-etm-0-0-8909){ref-type="table"}).

### Pre-operative evaluation

According to Fisher\'s grade of head CT prior to the operation, the cohort comprised 0 cases of grade I, 42 cases of grade II, 13 cases of grade III and 30 cases of grade IV. Furthermore, 17 patients had a Hunt and Hess grade of 1, 32 patients were grade 2, 25 patients were grade 3, 9 patients were grade 4 and 2 patients were grade 5. A total of 28 patients had a WFNS score I, 20 were WFNS score II, 12 were WFNS score III, 23 were WFNS score IV and 2 were WFNS score V. [Table I](#tI-etm-0-0-8909){ref-type="table"} summarizes the demographic characteristics of the 85 patients treated via the SOEK approach.

### Aneurysmal number and size

All 85 patients were diagnosed with AComA aneurysm by CTA and 320-slice CT (Aquillion One; Toshiba). A total of 85 aneurysms were detected in the 85 patients with an average diameter of 5.07±2.36 mm (range, 2-11 mm). Among them, the diameter of the small aneurysm (\<7 mm), medium aneurysm (7-12 mm) and large aneurysm (\>12 mm) were 83.5, 15.3 and 1.2%, respectively ([Table I](#tI-etm-0-0-8909){ref-type="table"}).

### Aneurysmal directionality

According to the Yasargil typing method ([@b15-etm-0-0-8909]), the aneurysm pointed superiorly in 28 patients, inferiorly in 14 patients, anteriorly in 16 patients, posteriorly in 3 patients and toward multiple directions in 24 patients ([Table I](#tI-etm-0-0-8909){ref-type="table"}).

### Association between aneurysmal directionality and pre-operative ICH

Pre-operative ICH was more prevalent in aneurysms pointing anteriorly than in the other aneurysms (P\<0.014; data not shown).

### Association between Fisher grade and blood loss

Severe blood loss was more frequent in patients with poor Fisher grade (Grade III/IV; P\<0.005).

### AComA complex variation

Right-side dominant blood supply with congenital absence or hypoplasia of the left A1 was present in 16 patients, whereas the left-side dominant blood supply with congenital absence or hypoplasia of right A1 was present in 36 patients. Furthermore, 33 patients had no marked variation.

### Surgical results

None of the patients undergoing surgery via the SOEK approach required conversion to a pterional microsurgical approach ([Figs. 3](#f3-etm-0-0-8909){ref-type="fig"} and [4](#f4-etm-0-0-8909){ref-type="fig"}). No aneurysm recurred after the operation. The average operation time (from induction of anesthesia to completion of skin closure) was 268.2±82.8 min (range, 60-360 min). Pre-operative hydrocephalus was identified in 23 cases (27.1%) and intracerebral hematoma in 31 cases (36.5%). Pre-operative EVD was observed in 21 (24.7%) cases. The incidence of frontal sinus opening occurred in 2 cases (2.4%). However, despite the opening of the frontal sinus, no cerebrospinal fluid leakage occurred after proper treatment. Temporary clipping was performed in 25 patients (29.4%). A total of 5 patients underwent partial excision of the gyrus rectus. Intra-operative rupture of the aneurysm during the operation occurred in 3 cases. The aneurysm-bearing artery was temporarily blocked and the aneurysm was then separated, followed by adequate clipping of the aneurysm neck. Delayed vasospasm occurred in 42 cases (49.4%). A post-operative ventriculoperitoneal (VP) shunt was placed in 9 cases (10.6%). No frontalis muscle palsy occurred in any of the patients.

### Risk factors for early post-operative poor prognosis

A total of 85 patients were included in the univariate logistic regression analysis to investigate the risk factors associated with adverse clinical outcomes (mRS 3-6; [Table II](#tII-etm-0-0-8909){ref-type="table"}). Risk factors that were significant predicators of poor prognosis (mRS 3-6) included the Hunt & Hess score, Fisher grade, WFNS score, ICH, pre-operative EVD, pre-operative hydrocephalus and VP shunt ([Table III](#tIII-etm-0-0-8909){ref-type="table"}). These factors were determined using the χ^2^ test or Fisher\'s exact test (P=0.020, P=0.003, P=0.004, P=0.001, P=0.005, P=0.002 and P=0.006). Other risk factors, including age (P=0.387), sex (P=0.330), aneurysm size (P=0.330), Anesthesia-to-skin time (P=0.065), vasospasm (P=0.889), gyrus rectus resection (P=0.436) and temporary clipping (P=0.777) during operation, had no significant influence on the prognosis ([Table II](#tII-etm-0-0-8909){ref-type="table"}).

### Risk factors for poor long-term prognosis after surgery

Regarding poor-grade outcomes (mRS 3-6) at 12 months after surgery, univariate analysis suggested that the Hunt & Hessgrade (OR=22.0, 95% CI: 4.8-100.2, P=0.001), Fisher grade (OR=10.88, 95% CI: 2.292-51.74, P=0.003), WFNS score (OR=6.0, 95% CI: 1.88-19.19, P=0.003), ICH (OR=7.9, 95% CI: 2.41-25.97, P=0.001), pre-operative EVD (OR=6.1, 95% CI: 1.90-19.62, P=0.002), pre-operative hydrocephalus (OR=10.45, 95% CI: 3.06-35.63, P=0.001) and post-operative VP shunt (OR=4.26, 95% CI: 0.90-18.22, P=0.050; [Table III](#tIII-etm-0-0-8909){ref-type="table"}) were identified as influencing factors with statistical significance, but there was no statistical significance for operation time, vasospasm, gyrus rectus resection and temporary clipping (results not shown).

### Occlusion rate of aneurysms and mortality

A complete occlusion rate of 98.8% (84/85) was achieved, as determined by intra-operative ICGA and follow-up imaging (CTA or DSA performed on the day after surgery for all cases). Aneurysm wrapping was performed in one case. Two patients with pre-operative Hunt & Hess grade V died. At one year after treatment, 69 (81.2%) patients attained a favorable outcome (mRS ≤2; [Table IV](#tIV-etm-0-0-8909){ref-type="table"}). Furthermore, 95.23% of the 42 patients with a Fisher grade of 2 had a favorable outcome ([Table II](#tII-etm-0-0-8909){ref-type="table"}).

### Surgery-associated complications

A total of 9 patients (10.5%) had surgery-associated complications. Procedural complications included 7 intracranial/wound infections (8.23%) and 17 ischemic events. A total of 7 patients recovered completely within 6 months (11.8%; [Table V](#tV-etm-0-0-8909){ref-type="table"}). Early or late re-bleeding was not observed in any of the patients.

### Post-operative follow-up

A total of 83 patients (n=85-2 cases of mortality) were followed up for 6-88 months, with a mean follow-up time of 37.9±24.5 months ([Table V](#tV-etm-0-0-8909){ref-type="table"}). There were no cases of wound infection, recurrent bleeding or neurological deterioration (data not shown).

Discussion
==========

In recent years, endovascular therapy has increased in popularity among cerebrovascular surgeons. Therefore, in the surgical treatment of aneurysms, microclipping technology has gradually been replaced by endovascular therapy ([@b16-etm-0-0-8909]).

During a 10-year follow-up, both the residual and recurrence rates in the International Subarachnoid Aneurysm Trial (ISAT) ([@b21-etm-0-0-8909]) (34%) and Barrow Ruptured Aneurysm Trial (BRAT) ([@b22-etm-0-0-8909]) (52%) increased when compared with microsurgical clipping. In these two trials, \~17% of patients required retreatment. As reported by Campi *et al* ([@b21-etm-0-0-8909]), the frequency of retreatment at the late stage of embolization increased nearly seven times as compared with the data of ISAT patients. Even with the use of novel equipment and technology, similar results have been obtained. For instance, Shapiro *et al* ([@b23-etm-0-0-8909]) reviewed 39 studies on the use of stent-assisted coils including 1,517 patients and indicated that the first complete occlusion rate of aneurysms was only 45%. A recent study suggested that complete occlusion was achieved in only 56.1% of patients with wide-necked bifurcation aneurysms ([@b24-etm-0-0-8909]).

In addition to the recurrence rate, complications are also an important issue. In the ISAT, the rebleeding rate following interventional embolization of aneurysms was 2.5 times higher than that of microsurgical clipping ([@b21-etm-0-0-8909]). Moore *et al* ([@b25-etm-0-0-8909]) recently reported that the re-rupture rate of ruptured aneurysms after embolization was 7.7% and the residual or recurrence rate was 82%. However, in the present study, no rebleeding was encountered.

The status of microsurgical clamping in the treatment of aneurysm has been gradually improved, particularly in the treatment of recurrent aneurysm after embolism. Daou *et al* ([@b26-etm-0-0-8909]) reported on 111 cases of recurrent aneurysm after embolism was surgically treated. AComA aneurysm accounted for 49.5%. After clipping again, 97.3% of the aneurysms were completely occluded and 90% of the patients had good results at the final follow-up. While there is an absence of clear and complete treatment guidelines, microsurgical clipping appears to be a better choice for the treatment of recurrent aneurysms after embolization compared with coil embolization.

The major purpose of the keyhole approach is to minimize the trauma of craniotomy and obtain the best intracranial exposure without affecting the safety and effectiveness of surgical treatment. According to the experience of numerous neurosurgeons, the supraorbital keyhole approach has the following advantages: i) Small skin incision on the eyebrow ensures a good cosmetic effect; ii) reduction of brain tissue exposure; iii) short operation time and reduced use of general anesthetics; iv) rapid recovery after the operation; v) preservation of superficial temporal artery and frontal branch of the facial nerve; vi) lower incision complications; vii) shortened hospitalization time and reduced hospitalization costs ([@b27-etm-0-0-8909],[@b28-etm-0-0-8909]).

In the present study, the average operation time was 268.2±1.38 min (range, 60-360 min) and the average number of days of hospitalization was 28±19.05 days (range, 2-113 days).

The posterior wall of frontal sinus may be injured during craniotomy via the SOEK approach. This defect may be the cause of CSF leakage and wound infection after the operation. To avoid frontal sinus wall injury during craniotomy, the lateral range of the frontal sinus should be assessed on the pre-operative CT. However, 2 patients had frontal sinus opening due to the prominent size of their sinus. If the frontal sinus is breached, the mucosa is removed, thoroughly cleaned with iodine solution and sealed with bone wax. Therefore, a wide frontal sinus is not an absolute contraindication for the keyhole approach.

Due to the 'keyhole effect', the SOEK approach provides sufficient exposure of the lateral fissure and is sufficient for arachnoid dissection and CSF drainage ([@b29-etm-0-0-8909],[@b30-etm-0-0-8909]). At times, in the case of a ruptured aneurysm, it is difficult to drain sufficient CSF, as the subarachnoid space is filled with blood clot instead of CSF.

In 2005, Paladino *et al* ([@b31-etm-0-0-8909]) compared keyhole craniotomy with pterional craniotomy. The keyhole group consisted of 482 patients with 565 aneurysms, while 146 patients with 167 aneurysms underwent pterional craniotomy. The mortality rate in the keyhole group was 0.83% (4 cases) and that in the standard craniotomy group was 2.05% (3 cases). In the present study, a good therapeutic effect was achieved in 69 of 85 patients (81.2%) and 2 deaths occurred. The first case was a 68-year-old female with WFNS grade V and Fisher grade IV; aneurysm had a complex direction (multiple directions, the prominent direction was superior). On the pre-operative CT scans, this patient had an aneurysm of medium size (8 mm), which was associated with grade III bleeding (50-100 ml). The patient also suffered severe bleeding during the operation and then developed a delayed ischemic defect due to perforator injury. The patient also contracted an intracranial infection. The second patient was a 67-year-old male with WFNS grade 4 and Fisher grade 4. The aneurysm featured anterior projection. On the pre-operative CT, a small aneurysm (6.4 mm) was identified, which was associated with grade II bleeding (\<50 ml). The operation time was 7.2 h and a delayed ischemic defect occurred. The two patients had pre-operative hydrocephalus and EVD was performed prior to surgery.

Yu *et al* ([@b32-etm-0-0-8909]) also performed a randomized controlled trial on keyhole craniotomy and pterional craniotomy for ruptured AComA aneurysm. Each group contained 70 cases. The operation time of the keyhole group was 141.9 min, which was significantly lower than that of the pterional group (184.5 min). The incidence of surgical complications in the keyhole group was 10.5%, which was lower than that in the pterional group (32.9%). The long-term efficacy was comparable. In addition, the SOEK approach with only a single burr hole and small craniotomy may shorten the overall operation time and reduce craniotomy-associated complications, including CSF leakage, post-operative epidural hematoma and infection.

In 2014, Gupta *et al* ([@b33-etm-0-0-8909]) reported on the long-term prognosis of patients surviving ruptured intracranial aneurysm. Of the 494 patients with microsurgical clipping, 74 (15%) had a poor prognosis at 1 year (mRS 3-6). In the BRAT, at 6 months of follow-up, 62 of the 170 patients (36.5%) had poor outcomes (mRS 3-6) ([@b22-etm-0-0-8909]). In the present study, 16 patients (18.8%) had poor outcome (mRS 3-6). The present results are similar to those of other studies ([Table VI](#tVI-etm-0-0-8909){ref-type="table"}).

Accidental rupture of aneurysms is a major risk in all aneurysm surgeries. Van Lindert *et al* ([@b5-etm-0-0-8909]) reported an accidental rupture of an aneurysm during supraorbital keyhole surgery in 4 of 139 patients (3%). In their experience report on a keyhole technique to clip aneurysms, Fischer *et al* ([@b34-etm-0-0-8909]) reported an intra-operative rupture rate of 7.7%, which was associated with aneurysm size and amount of SAH.

The ISAT indicated that, under the condition that the majority of enrolled patients (88%) were WFNS grade 1 or 2, the rate of survivors with favorable outcomes (mRS score ≤2) after 5 years was similar between surgical clipping (82%) and coil embolization (83%) ([@b35-etm-0-0-8909]). In the BRAT, 75% of patients treated by coil embolization and 72% of patients treated with clipping for anterior circulation aneurysms had an mRS score of ≤2 at 1 year. After 6 years, this difference was still not significant ([@b22-etm-0-0-8909],[@b36-etm-0-0-8909]). In the present study, 81.2% of patients with ruptured aneurysm achieved good results; only 56.4% of patients in the present study were WFNS grade 1 and 2. Furthermore, 47.1% of patients in this group had a Fisher grade 3 or 4. As factors associated with adverse outcomes, the Hunt & Hess score (OR=22.0, 95%CI: 4.8-100.2, P=0.001), Fisher grade (OR=10.88, 95%CI: 2.292-51.74, P=0.003), WFNS score (OR 6.0, 95%CI: 1.88-19.19, P=0.003), ICH (OR=7.9, 95%CI: 2.41-25.97, P=0.001), pre-operative EVD (OR=6.1, 95%CI: 1.90-19.62, P=0.002), hydrocephalus (OR=10.45, 95% CI: 3.06-35.63, P=0.001) and VP shunt (OR=4.26, 95% CI: 0.9-18.22, P=0.050) were identified. Ogilvy and Carter ([@b37-etm-0-0-8909]) also reported similar results.

In the present study, surgical complications occurred in 10.5% of cases. Park *et al* ([@b38-etm-0-0-8909]) reported similar results. Their study described the experience of treating patients with ruptured anterior circulation aneurysm with SOEK. Chen *et al* ([@b39-etm-0-0-8909]) used the SOEK approach to treat ruptured anterior circulation aneurysm in a prospective, single-center study; the results were similar to those by Park *et al* ([@b38-etm-0-0-8909]), with a high rate of clipping. A favorable outcome was achieved in 88.6% of cases, no mortalities occurred and 10 (11.4%) patients developed intracranial or wound infection.

However, there is no doubt that the SOEK method is a more challenging and technically demanding procedure with a steep learning curve, which limits its wide applicability to a certain extent. The SOEK method also has certain indications. In general, it is suitable for patients with a Hunt & Hess grade of I-III, including conscious patients and patients without any severe intracranial pressure. Although it is also suitable for patients with Hunt & Hess grade IV, its applicability depends on the state of brain cisterns, sulci and ventricles on CT imaging. However, it is generally not suitable for patients with a Hunt & Hess grade with severe complications, including intracranial hypertension, brain hernia and requirement for enlargement of the bone window for decompression. In the SOEK approach, sufficient space may be obtained for clipping aneurysms by completely removing the skull base and releasing cerebrospinal fluid from the cistern. In addition, if necessary, pre-operative external ventricular drainage and/or resection of part of the gyrus rectus may be performed intra-operatively.

The major limitations of the present study include the small sample size, retrospective design, lack of randomization and outcome assessment performed by clinical surgeons. Finally, the present study reports on the clinical experience of specific surgical techniques and schemes at a single center, which limits the generalizability of the results. Furthermore, it may not be possible to extrapolate the present results to unruptured or posterior circulation aneurysms.

In conclusion, advancements in endovascular interventional techniques have reduced surgical clipping of aneurysms. Although the technology of endovascular interventional therapy is developing continuously, it does not provide an exact method for the treatment of residual aneurysms and retreatment remains necessary in a certain ratio of cases. With the advancement of minimally invasive microsurgery, small incision and bone window provide ideal exposure to clip AComA aneurysms. The present study indicated that the SOEK approach is an effective and ideal approach for clipping of AComA aneurysm; it has numerous advantages, including less trauma, a better therapeutic effect, fewer complications and lower cost when compared with coil embolization. However, due to the small operative space and difficult maneuvering of surgical instruments, a number of obstacles may be encountered during the operation. Therefore, it may be suggested that the individual treatment for patients with AComA should be selected based on pre-operative analysis.
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![Schematic drawing of the supraorbital eyebrow keyhole approach. (A) The head was elevated to approximately 15˚ to facilitate venous drainage. (B) The head was rotated to the contralateral side. (C) The maneuver of retroflexion supported gravity-associated self-retraction of the frontal lobe. (D) The skin incision in the eyebrow and the craniotomy are represented by dotted lines. (E) Drilling of the inner cortical layer of the orbital rim in to achieve optimal alignment with the orbital roof. (F) Preparation of the frontal and temporal muscle flaps caudally and laterally.](etm-20-03-2079-g00){#f1-etm-0-0-8909}

![Intra-operativeimages of the procedure, supraorbital eyebrow keyhole approach. (A) The skin incision is planned along the eyebrow; (B) the muscular and skin flaps retracted with silk sutures. (C) A single burr hole is made below the superior temporal line and posterior to the keyhole. (D) A small supraorbital craniotomy is formed and the dura is opened with the base along the orbital rim. (E) Intra-operative exposure of aneurysm. (F) Clipping of anterior communicating artery aneurysm. (G) The bone flap produced after the supraorbital craniotomy (ruler units, cm). (H) Surgical incision 20 days after the operation.](etm-20-03-2079-g01){#f2-etm-0-0-8909}

![CT and CT angiography of 42-year-old female presenting with a headache and decreased consciousness disorder. (A) Pre-operative CT with subarachnoid hemorrhage. (B) Pre-operative CT angiography (white arrow indicates the aneurysm). (C) Postoperative CT with clipped aneurysm. (D) Post-operative CT angiography displaying complete clipping of the anterior communicating artery aneurysm via supraorbital eyebrow keyhole approach (arrowhead).](etm-20-03-2079-g02){#f3-etm-0-0-8909}

![CT and CT angiography of a 29-year-old female presenting with a headache and vomiting. (A) Pre-operative CT with subarachnoid hemorrhage. (B) Pre-operative CT angiography (white arrow indicates the aneurysm). (C) Postoperative CT with clipped aneurysm. (D) Post-operative CT angiography displaying complete clipping of the anterior communicating artery aneurysm via supraorbital eyebrow keyhole approach (arrowhead).](etm-20-03-2079-g03){#f4-etm-0-0-8909}

###### 

Characteristics of patients with AComA aneurysm (n=85).

  Characteristics                                     Value
  --------------------------------------------------- --------------------
  Sex (male/female)                                   50/35
  Age (years)                                         52.69±9.94 (28-78)
  AComA complex variation                             
       Right dominant blood supply                    16
       Left dominant blood supply                     36
       No marked variation                            33
  Associated ICH grade                                
       I (no ICH)                                     63
       II (\<50 cc)                                   14
       III (50-100 cc)                                8
  Pre-operative Hunt and Hess grade                   
       1                                              17 (20.0)
       2                                              32 (37.6)
       3                                              25 (29.4)
       4                                              9 (10.6)
       5                                              2 (2.4)
  World Federation of Neurosurgical Societies grade   
       I                                              28 (32.9)
       II                                             20 (23.5)
       III                                            12 (14.1)
       IV                                             23 (27.1)
       V                                              2 (2.4)
  Pre-operative Fisher grade on CT                    
       1                                              0 (0.0)
       2                                              42 (49.4)
       3                                              13 (15.3)
       4                                              30 (35.3)
  Aneurysm size (mm)                                  
       Small (\<7)                                    71 (83.5)
       Medium (7-12)                                  13 (15.3)
       Large (\>12-\<25)                              1 (1.2)
  Aneurysmal directionality                           
       Superior                                       28
       Inferior                                       14
       Anterior                                       16
       Posterior                                      3
       Complex                                        24

Values are expressed as the mean ± standard deviation (range) or n (%). AComA, anterior communicating artery; ICH, intracerebral hemorrhage.

###### 

Characteristics of patients with poor-grade outcomes (mRS score, 3-6).

  Characteristics               Total (n=85)   mRS score     P-value^[a](#tfn1-etm-0-0-8909){ref-type="table-fn"}^   
  ----------------------------- -------------- ------------- ------------------------------------------------------- -------
  Age (years)                                                                                                        0.387
  Mean ± SD                     53±11.38       52.51±9.13    53.5±13.2                                               
  Median (range)                50 (29-78)     52 (29-78)    51.5 (28-76)                                            
  Sex                                                                                                                0.330
       Male                     50 (58.8)      38 (55.1)     12 (75.0)                                               
       Female                   35 (41.2)      31 (44.9)     4 (25.0)                                                
  Hunt and Hess grade                                                                                                0.020
       1-3                      74 (87.1)      66 (95.7)     8(50)                                                   
       4/5                      11 (12.9)      3 (4.3)       8(50)                                                   
  Fisher grade                                                                                                       0.003
       1/2                      42 (49.4)      40 (58.0)     2 (12.5)                                                
       3/4                      43 (50.6)      29 (42.0)     14 (87.5)                                               
  WFNS scale                                                                                                         0.004
       I-III                    60 (70.6)      54 (78.3)     6 (37.5)                                                
       IV/V                     25 (29.4)      15 (21.7)     10 (62.5)                                               
  Aneurysm size (mm)                                                                                                 0.169
       Small (\<7)              71 (83.5)      60 (87.0)     11 (68.8)                                               
       Medium (7-12)            13 (15.3)      8 (11.6)      5 (31.3)                                                
       Large (\>12-\<25)        1 (1.2)        1 (1.4)       0 (0.0)                                                 
  Anesthesia-to-skin time (h)                                                                                        0.065
       Mean ± SD                4.5±1.38       4.35±1.17     5.13±1.97                                               
       Median (range)           4.2 (1-8.75)   4.1 (1-7.0)   5.07 (2-8.75)                                           
  Pre-operative EVD                                                                                                  0.005
       No                       64 (75.3)      57 (82.6)     7 (43.8)                                                
       Yes                      21 (24.7)      12 (17.4)     9 (56.3)                                                
  Vasospasm                                                                                                          0.089
       No                       39 (45.9)      37 (53.6)     2 (12.5)                                                
       Yes                      46 (54.1)      32 (46.4)     14 (87.5)                                               
  Hydrocephalus                                                                                                      0.002
       No                       62 (72.9)      57 (82.6)     5 (31.3)                                                
       Yes                      23 (27.1)      12 (17.4)     11 (68.8)                                               
  ICH                                                                                                                0.001
       No                       63 (74.1)      57 (82.6)     6 (37.5)                                                
       Yes                      22 (25.9)      12 (17.4)     10 (62.5)                                               
  Gyrus rectus resection                                                                                             0.436
       No                       80 (94.1)      66 (95.7)     14 (87.5)                                               
       Yes                      5 (5.9)        3 (4.3)       2 (12.5)                                                
  Temporary clipping                                                                                                 0.777
       No                       60 (70.6)      51 (73.9)     9 (56.3)                                                
       Yes                      25 (29.4)      18 (26.1)     7 (43.8)                                                
  VP shunt                                                                                                           0.006
       No                       76 (89.4)      64 (92.8)     12 (75.0)                                               
       Yes                      9 (10.6)       5 (7.2)       4 (25.0)                                                
  Frontal sinus opening                                                                                              0.204
       No                       83 (97.6)      68 (98.6)     15 (93.8)                                               
       Yes                      2 (2.4)        1 (1.4)       1 (6.3)                                                 

^a^P-values were calculated using the χ^2^ test, Fisher\'s exact test or Student\'s t-test. Values are expressed as n (%) unless otherwise specified. SD, standard deviation; ICH, intracerebral hemorrhage; EVD, extraventricular drainage; mRS, modified Rankin scale; VP shunt, ventriculoperitoneal shunt; WFNS, World Federation of Neurosurgical Societies.

###### 

Univariate analysis of risk factors associated with poor-grade outcomes (modified Rankin scale score, 3-6).

  Item                                OR (95% CI)          P-value
  ----------------------------------- -------------------- ---------
  Hunt and Hess grade (4/5 vs. 1-3)   22.0 (4.80-100.20)   0.001
  Fisher grade (3/4 vs. 1/2)          10.88 (2.29-51.74)   0.003
  WFNS scale (4/5 vs. 1-3)            6.0 (1.88-19.19)     0.003
  ICH (yes vs. no)                    7.9 (2.41-25.97)     0.001
  Pre-operative EVD (yes vs. no)      6.1 (1.90-19.62)     0.002
  Hydrocephalus (yes vs. no)          10.45 (3.06-35.63)   0.001
  VP shunt (yes vs. no)               4.26 (0.90-18.22)    0.050

EVD, extraventricular drainage; ICH, intracerebral hemorrhage; OR, odds ratio; VP shunt, ventriculoperitoneal shunt; WFNS, World Federation of Neurosurgical Societies.

###### 

mRS scores of patients at 12 months post-operatively.

  mRS score                             Patients, n (%)
  ------------------------------------- -----------------
  0-No symptoms                         11 (12.9)
  1-No significant disability           24 (28.2)
  2-Slight disability                   34 (40.0)
  3-Moderate disability                 3 (3.5)
  4-Moderately severe disability        3 (3.5)
  5-Severe disability                   8 (2.4)
  6-Death (combined systemic disease)   2 (2.4)
  Total/Loss to follow-up               83/2

Values are expressed as n or n (%). mRS, modified Rankin scale.

###### 

Analysis of outcomes.

  Outcome                                   Value
  ----------------------------------------- -----------------
  Pre-operative hydrocephalus               23 (27.0)
  Pre-operative EVD                         21 (24.7)
  Operating time (mean minutes)             268.2 (60-360)
  Intra-operative blood loss (mean ml)      165.26 (50-600)
  Frontal sinus opening                     2 (2.4)
  Temporary clipping                        25 (29.4)
  Gyrus rectus resection                    5 (5.9)
  Post-operative EVD                        9(10.6)
  Post-operative VP shunt                   9 (10.6)
  Intraoperative aneurysm rerupture         3 (3.5)
  Vasospasm (delayed)                       44 (51.7)
  Procedural complications                  
       Intracerebral hematoma               7 (8.2)
       Ischemic events                      17 (20.0)
       Intracranial infection               4 (4.7)
       Intracranial/wound infection         3 (3.5)
       Duration of hospitalization (days)   37.9±24.5
       Mean follow-up (months)              28.4 (2-113)
       Favorable outcome at follow-up       81.2

Values are expressed as the mean ± standard deviation (range) or n (%). EVD, extraventricular drainage; VP shunt, ventriculoperitoneal shunt.

###### 

Clinical outcomes of aneurysm surgery by supraorbital craniotomy.

  First author (year)   Patients (n)   Unruptured aneurysm, n (%)   Intra-operative rupture (%)   Length of stay (days)   Good outcome (%)   Peri-operative complications   (Refs.)
  --------------------- -------------- ---------------------------- ----------------------------- ----------------------- ------------------ ------------------------------ -----------------------
  Paladino (1998)       37             NA                           3 (8.1)                       NA                      100                Infection (n=1)                ([@b40-etm-0-0-8909])
  van Lindert (1998)    139            NA                           3 (2.1)                       NA                      NA                 None                           ([@b5-etm-0-0-8909])
  Chen (2009)           88             0 (0)                        23 (26.1)                     NA                      89                 Infection (n=10)               ([@b39-etm-0-0-8909])
  Tang (2013)           76             6 (7.9)                      8 (10.5)                      NA                      95                 CSF leak (n=3)                 ([@b41-etm-0-0-8909])
  Seizure (n=4)                                                                                                                                                             
  Hyposmia (n=6)                                                                                                                                                            
  Chalouhi (2014)       47             0 (0)                        5 (10.6)                      NA                      77                 Post-op hematoma (n=1)         ([@b42-etm-0-0-8909])
  Infection (n=1)                                                                                                                                                           
  Infarction (n=4)                                                                                                                                                          
  Park (2018)           188            0 (0)                        2 (1.0)                       NA                      91.5               Infection (n=3)                ([@b38-etm-0-0-8909])
  Anosmia (n=11)                                                                                                                                                            
  Infarction (n=1)                                                                                                                                                          
  Yu (2018)             70             0 (0)                        20 (28.6)                     15.5                    83.6               Infarction (n=11)              ([@b32-etm-0-0-8909])
  Infection (n=7)                                                                                                                                                           

CSF, cerebrospinal fluid; NA, information not available.

[^1]: *Abbreviations:* AComA, anterior communicating artery; BRAT, Barrow Ruptured Aneurysm Trial; CSF, cerebrospinal fluid; CTA, computed tomography angiography; EVD, extraventricular drainage; ICGA, indocyanine green angiography; ICH, intracerebral hemorrhage; ISAT, International Subarachnoid Aneurysm Trial; mRS, modified Rankin scale; SAH, subarachnoid hemorrhage; VP shunt, ventriculoperitoneal shunt; WFNS, World Federation of Neurological Surgeons; SOEK, supraorbital eyebrow keyhole approach
